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Segmentation is a mechanism that controls spatial assay that has previously been used to assess selective
cell adhesion of cells derived from different rhombomeresorganization along the anteroposterior axis of the
neural tube and is particularly well characterized for [5]. Briefly, cells from Hamburger and Hamilton [6] stage
(HH) 11/12 midbrain, r1 (specifically excluding the mid-the hindbrain region [1]. The generation of distinct
and regionally specific structures from each brain hindbrain boundary [MHB] itself to preclude cross-
contamination), and the remaining rhombomeres, wererhombomere is achieved with the almost complete
absence of cell mixing between neighboring prepared by dissociation and labeled with different fluo-
rescent dyes. Subsequently, cell populations were mixedrhombomeres [2, 3]. Here, we have examined cell
mingling at the isthmus, where Otx2-expressing in certain combinations and allowed to reaggregate for
3–4 hr. Resulting aggregates were analyzed by confocalmidbrain cells abut Gbx2-expressing hindbrain
cells [4]. The sharp line of demarcation between the microscopy and classified as either segregated or mixed
and the results expressed as a segregation ratio (percent-two expression domains suggests that this
interface would be a compartment boundary, with age of extent of segregation; see [5] for details).
no intermixing of cells, but this has not been
directly tested. We have used short-term Rhombomeres differ in their adhesive properties. In mix-
reaggregation assays to compare the adhesive tures of cells from two odd-numbered (or even-numbered)
properties of cells derived from midbrain and rhombomeres, we obtained a segregation ratio of 14% 6
anterior hindbrain and cell labeling in vivo directly 3.6% (n 5 111) (Figure 1a). The different cell populations
to monitor cell behavior at the midbrain/hindbrain within these aggregates appeared homogeneously mixed
boundary. Interestingly, our data demonstrate that, (Figure 1b). However, mixtures of cells derived from an
in contrast to the rhombomeres, differential even- and an odd-numbered rhombomere resulted in a
adhesion does not seem to operate between the segregation ratio of 67% 6 8.6% (n 5 154) (Figure 1a).
midbrain and anterior hindbrain and that cells move Here, the cells from different rhombomeres of origin occu-
between the two territories. We conclude that these pied separate domains within the aggregates (Figure 1c).
two subdivisions are not maintained by cell lineage Therefore, as previously reported [5], cells from even-
restriction but by cells maintaining labile fates. numbered rhombomeres sort out from cells from odd-
numbered rhombomeres, demonstrating that adjacent seg-
ments display and are separated by different cell affinities.Address: MRC Centre for Developmental Neurobiology, King’s
College London, London SE1 1UL, UK.
Next, we analyzed the behavior of cells from the adjacent
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when mixing cells derived from the same kind (odd or
Received: 22 September 2000 even) of rhombomere. Similarly, the cells within the ag-
Revised: 10 November 2000 gregates were freely intermingled (Figure 1d). Therefore,Accepted: 19 December 2000
in contrast to the situation in the developing hindbrain,
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cell affinity and do not mix, the adjacent populations of
Current Biology 2001, 11:204–207 midbrain and r1 cells do not differ markedly in their cell
affinity and remain intermixed when randomly associated.
0960-9822/01/$ – see front matter
Ó 2001 Elsevier Science Ltd. All rights reserved.
We then asked whether cell lineage restriction exists at
the MHB in vivo. In the case of rhombomeres, it has
been demonstrated that when a single cell is labeled early,
before the appearance of interrhombomere boundaries, itsResults
In order to examine whether cells derived from the embry- labeled descendants frequently disperse into two neigh-
boring rhombomeres. When labeled after the appearanceonic midbrain and anterior hindbrain (rhombomere 1 [r1])
display differential adhesive properties or differential af- of distinct boundaries, descendants of a labeled cell are
confined within their rhombomere of origin [2]. Thus,finities, we employed an in vitro short-term reaggregation
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Figure 1
Analysis of aggregates formed in vitro by cells
from HH11/12 hindbrain and midbrain origin.
(a) Quantitative analysis of aggregates formed
from combining rhombomeres of the same
type (even/even or odd/odd), rhombomeres
of different types (even/odd), and from
combining midbrain/r1. Note that 67% of the
aggregates (n 5 154) formed by cells from
even- and odd-numbered rhombomeres sort
out from each other (black bar). By contrast,
only 14% of aggregates (n 5 111) formed
by cells from the same type of rhombomere
and 27% of those (n 5 340) formed by mixing
cells derived from midbrain and r1 sort out.
The segregation ratios of even/even (or odd/
odd) rhombomere combinations and even/odd
combinations differ significantly (x2 test:
p , 0.01), as do those of midbrain/r1
combinations and even/odd combinations
(p , 0.01); however, the segregation ratio of
midbrain/r1 combinations and even/even or
odd/odd rhombomere combinations have
significant similarity (p , 0.05). The inset
diagram of an HH11 embryo shows the
regions from which explants were taken for
the preparation of cell aggregates. (b–d)
Confocal micrographs of aggregates consisting
of cells from the same type of rhombomere
(odd/odd) (b), cells from different types of
rhombomeres (even/odd) (c), and cells from
midbrain and r1 (d). The different cell
populations were labeled with different
fluorescent dyes. Note that in contrast to (c),
in (b) and (d) cells intermingle freely. The scale
bar in (b) for (b,c) represents 50 mm.
rhombomeres are developmental compartments sensu labeled cells by immunohistochemistry. Subsequently,
the MHB regions were dissected out, flat-mounted, andstricto, i.e., they are polyclonal lineage restriction units.
analyzed.
To examine cell mingling at the MHB, we performed
cell labeling experiments at two different stages, HH11 Precursor cells were labeled at different anteroposterior
distances from the MHB and in all cases analyzed (HH11,and HH13. At both stages, cells on one side of the molecu-
lar MHB or the other were iontophoretically labeled in ovo n 5 31; HH13, n 5 80); resulting clones spread out along
the anteroposterior axis. Interestingly, we found thatwith a mixture of fluorochrome-coupled and biotinylated
dextrans, and embryos were subsequently incubated for clones descended from precursors that were close to the
molecular MHB dispersed either from midbrain into r1z36–48 hr before harvesting (see Materials and methods).
Unlike interrhombomeric boundaries, the MHB is not a (HH11, n 5 3/15; HH13, n 5 17/40) or from r1 into
midbrain (HH1, n 5 4/16; HH13, n 5 19/40). In all casesmorphologically distinct boundary but has been shown to
coincide with and to be positioned by the interface of the where cells crossed the intervening molecular MHB, they
did so irrespective of dorsoventral level (Figures 2a–d).expression domains of two transcription factors, Otx2 and
Gbx2 [4, 7–9]; in chick, this interface is established by Therefore, consistent with our results from the in vitro
reaggregation assays, these two neural subdivisions appearHH10 [10, 11]. In order to analyze the relationship be-
tween the labeled cell descendants and the MHB, in not to be maintained by cell lineage restriction, and cells
are not only capable of intermixture but normally do crosssitu hybridization for Otx2 was performed to visualize
the boundary, followed by the detection of the dextran- from midbrain into hindbrain and vice versa.
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Figure 2 We now show that the MHB does not represent a compart-
ment boundary and that, at least to a certain extent, cell
mingling does occur across it, most likely facilitated by
the lack of detectable differential adhesive properties dis-
played by cells derived from these adjacent subdivisions.
Therefore, these two subdivisions are not separated and
maintained by cell lineage restriction.
Not only is the MHB the interface between two major
neural subdivisions, but the isthmic region is also an im-
portant signaling center that directs the patterning of the
midbrain and anteriormost hindbrain [15]. The AP posi-
tion of the signaling center is set by the sharp interface
between the midbrain expression domain of Otx2 and the
hindbrain domain of Gbx2 [4, 8, 9]. This molecular MHB
is directly overlain and flanked by the ring-shaped expres-
sion domains of Wnt1, Lmx1b [16], CEPU-1 [17], Pax2,
and Fgf8 [11]. It is thought that the same signaling mole-
cules from the isthmus elicit different fates for midbrain
and r1 cells according to differing competence of the
two regions. Therefore, an easy assumption is that sharp
delineation between these prospective structures would
be maintained by lineage restriction, such that cells with
different fates would be unable to mix with each other.
However, now that it is clear that intermingling of cells
does take place, it follows that cells in the isthmic region
have to be able to monitor their position along the antero-Examples of clones generated after in vivo cell labeling at HH11
showing the positions of labeled cells in relation to the MHB. posterior axis in order to rapidly adapt their gene expres-
Micrograph (a) and camera lucida drawings (b–d) of dissected and sion profile according to their new location. This also
flat-mounted MHB regions after visualization of the boundary by detecting implies that cells initially maintain a labile fate, allowingOtx2 mRNA [red in (a); shown by vertical line in (b–d)] and
them eventually to activate the differentiation programimmunohistochemical detection of labeled cells [brown in (a)]. The
dorsal midline is up (dorsal) and the floor plate (fp) is down. The appropriate for their ultimate position.
midbrain (mid) is to the left and r1 is to the right of the MHB. Note
that clones spanning the MHB can be found at all levels of the
One of the regulatory mechanisms potentially utilized fordorsoventral axis of the neural tube. (a–c) were incubated for z48 hr
and (d) was incubated for z30 hr after labeling. The scale bar in (a) the acquisition of novel positional values would appear
represents 50 mm; the scale bar in (b) for (b–d) represents 100 mm. to be mutual repression of gene expression, which has
(e) Diagram of a 4 day chick embryo showing the interface between been shown to operate between Otx2 and Gbx2 [4, 8, 9,Otx2 expression (red) and Gbx2 expression (blue) that represents
18]. In addition, Wnt1 appears to be involved in controllingthe molecular MHB and shows the location of (b–d) (box).
the switch of gene expression across the MHB. Embryos
of the naturally occurring Wnt1 mutant swaying fail to
establish a straight caudal limit of Otx2 expression, and
cells ectopically expressing Otx2 are found in r1 [19]. Our
data now suggest that this phenotype most likely resultsDiscussion
from a failure to downregulate Otx2 expression in normallySegmentation is an important mechanism involved in pat-
migrating cells rather than from aberrant cell mixing dueterning the neural tube. By allocating and restricting sets
to changes in the adhesive properties of cells in the isthmicof precursor cells to particular segments, axial-specific
area. Our results are consistent with recent grafting studiesneural structures can develop under the influence of genes
[20] where Otx2-expressing rostral neuroepithelium trans-expressed in segment-specific patterns, as exemplified
planted into the MHB region was found to lose Otx2by the vertebrate hindbrain [1]. The mechanism of cell
expression and acquire Gbx2 expression.lineage restriction at interrhombomere interfaces involves
differential cell affinity [5] mediated by Eph/ephrin sig-
naling [12, 13]. A restriction to cell mixing is also thought The cellular and molecular basis of the development in
to exist between putative neuromeres in the forebrain the MHB region is reminiscent of the situation described
[14]. The possibility that cell lineages are also restricted for the subdivision of the anterior compartment of the
at the boundary between midbrain and hindbrain has not leg imaginal disc in Drosophila [21]. Like midbrain and
anterior hindbrain, dorsal and ventral subdivisions of thepreviously been examined.
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7. Millet S, Bloch-Gallego E, Simeone A, Alvarado-Mallart R: Theanterior leg compartment are not defined by cell lineage
caudal limit of Otx2 gene expression as a marker of the
restriction but are dynamically maintained by the mutual midbrain/hindbrain boundary: a study using in situ
hybridization and chick/quail homotopic grafts.antagonism between, in this case, two morphogens, Deca-
Development 1996, 122:3785-3797.pentaplegic and Wingless, expressed in the dorsal and 8. Millet S, Campbell K, Epstein DJ, Losos K, Harris E, Joyner AL: A
ventral subdivisions respectively. The cells within these role for Gbx2 in repression of Otx2 and positioning of the
mid/hindbrain organiser. Nature 1999, 401:161-164.territories are not determined but acquire their positional
9. Broccoli V, Boncinelli E, Wurst W: The caudal limit of Otx2
values under the dominating influence of the particular expression positions the isthmic organiser. Nature 1999,
401:164-168.morphogen, regardless of their cell lineage.
10. Shamim H, Mason I: Expression of Gbx2 during early
development of the chick embryo. Mech Dev 1998, 76:157-159.
11. Hidalgo-Sanchez M, Millet S, Simeone A, Alvarado-Mallart R:Material and methods
Comparative analysis of Otx2, Gbx2, Pax2, Fgf8 and Wnt1Whole-mount in situ hybridization and immunohistochemistry
gene expression during the formation of the chick midbrain/Whole-mount ISH was performed according to previously described hindbrain domain. Mech Dev 1999, 81:175-178.
protocols [22]. Embryos were then incubated with peroxidase-coupled 12. Xu Q, Mellitzer G, Wilkinson DG: In vivo cell sorting in
streptavidin (Jackson) for 2–3 days in PBS/Tween and, after several complementary segmental domains mediated by Eph receptors
washes, were detected by diaminobenzidine staining. After brief fixation and ephrins. Nature 1999, 399:267-271.
13. Mellitzer G, Xu Q, Wilkinson DG: Eph receptors and ephrinsin PFA, the MHB region of the embryos was dissected out, flat-mounted,
restrict cell intermingling and communication. Nature 1999,and analyzed by light microscopy.
400:77-81.
14. Figdor M, Stern C: Segmental organisation of embryonic
In vitro reaggregation assay diencephalon. Nature 1993, 363:630-634.
The assay and data analysis procedures have been described previously 15. Wassef M, Joyner A: Early mesencephalon/metencephalon
[5]. Briefly, the midbrain/hindbrain region of HH11/12 embryos was patterning and development of the cerebellum. Perspect Dev
Neurobiol 1997, 5:3-16.dissected out with tungsten needles, the mesenchyme completely re-
16. Adams K, Maida JM, Golden JA, Riddle RD: The transcriptionmoved by dispase treatment, the neural tube subdivided into single
factor Lmx1b maintains Wnt1 expression within the isthmicrhombomeres, and the midbrain region and explants pooled. The MHB
organizer. Development 2000, 127:1857-1867.itself was carefully excluded to prevent cross-contamination between
17. Jungbluth S, Phelps C, Lumsden A: CEPU-1 expression in the
the two tissues. Pooled explants were labeled with different CellTracker early embryonic chick brain. Mech Dev, in press.
dyes (Molecular Probes) and, after several washes in Ca21-free medium 18. Katahira T, Sato T, Sugiyama S, Okafuji T, Araki I, Funahasti I, et al.:
(HBBS), incubated in 0.02% EDTA in HBBS. After gentle trituration, Interaction between Otx2 and Gbx2 defines the organizing
single-cell suspensions were obtained, which, after several washes, con- center for the optic tectum. Mech Dev 2000, 91:43-52.
19. Bally-Cuif L, Cholley B, Wassef M: Involvement of Wnt1 in thetrol stains and cell counts, were mixed in the particular combinations
formation of the mes/metencephalic boundary. Mech Devand incubated on a horizontal shaker for 3–4 hr. The cultures were fixed
1995, 53:23-34.and analyzed by confocal microscopy.
20. Hidalgo-Sanchez M, Simeone A, Alvarado-Mallart R-M: Fgf8 and
Gbx2 induction concomitant with Otx2 repression is
Iontophoretic cell labeling in ovo correlated with midbrain-hindbrain fate of caudal
prosencephalon. Development 1999, 126:3191-3203.To label cells in the MHB region in living HH11 and HH13 embryos,
21. Theisen H, Haerry TE, O’Connor MB, Marsh JL: Developmentaleggs were windowed and the neural tube opened dorsally with a tungsten
territories created by mutual antagonism betweenneedle. Borosilicate glass micropipettes were loaded with a mixture
Wingless and Decapentaplegic. Development 1996, 122:3939-of fluorochrome-coupled and biotinylated dextrans (Molecular Probes),
3948.backfilled with 1 M LiCl, and connected to the positive pole of a 9V 22. Wilkinson D: Whole-mount in situ hybridization of vertebrate
battery; a silver wire inserted into the egg albumen served as a negative embryos. In In situ Hybridisation, a Practical Approach. Edited
electrode. The pipette was maneuvered through the hole in the embryo by Wilkinson DG. Oxford: Oxford University Press, 1992:1-83.
to touch the ventricular surface in the MHB region, using the isthmic
constriction as a landmark (the MHB being located slightly anterior to
it). After touching the ventricular surface with the pipette, the electrical
circuit was closed for z0.5 min, resulting in the labeling of 1–2 (contigu-
ous) cells, as confirmed by visualizing the fluorescent label. Eggs were
sealed and incubated for 36–48 hr before fixation in PFA.
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